Video recording technology is an important tool for studies of animal behavior because it 13 reduces observer effects and produces a record of experiments, interactions among subjects, 14 and contextual information, however it remains cost prohibitive for many researchers. Here we 15 present an inexpensive method for building a remotely-operated video recording system to 16 continuously monitor behavioral or other biological experiments. Our system employs Raspberry 17
Introduction

28
Behavior often represents an animal's most immediate and dynamic response to internal 29 or external cues [1] . Behavioral data are, therefore, invaluable indicators of change, yet the 30 complexity and diversity of behaviors can be challenging to quantify. Traditional sampling 31 methods from live observations (e.g., scan sampling, focal animal sampling, one-zero sampling 32
[2-3]) frequently results in an estimate, rather than a precise measure of behaviors, or only 33 provides data from a subset of subjects or interactions within a social group [4] . The behavioral 34 record is therefore often incomplete with live observational data, and the presence of an 35 observer can influence the behavior of study subjects, thus biasing the results [5] [6] [7] . Moreover, 36 to fully understand an animal's response, it is imperative to understand the context and the 37 environment in which the behavior was expressed. Video recording enables researchers to 38 review behaviors multiple times to yield a more complete dataset, reduces observational biases, 39 and can capture contextual information. 40
Video recording has become a nearly ubiquitous tool for behaviorists and useful in a 41 wide range of studies. For example, video can improve data collection in manipulative 42 behavioral assays from studies of visual recognition in cichlids [8] and foraging in fruit flies [9] , to 43 parental care [10] and anxiety in rodents [11] . Moreover, passive monitoring approaches, such 44 To build a recording module, we first loaded all application files, including an operating 81 system (OS), onto a micro SD card. We used 64 Gb micro SD cards, as roughly 8 Gb must be 82 allocated to the OS and our video files averaged 30 Gb in size. We formatted the card as MS-83 DOS(Fat); the "Raspbian" OS used in this application was designed to be loaded onto cards 84 smaller than 32 Gb, therefore the 64 Gb card required reformatting. Once formatted, we loaded 85 the "Raspbian" OS (https://www.raspberrypi.org/downloads/noobs/) onto the card and then 86 installed it into the micro SD card port of a Raspberry Pi Zero(W) board ( Figure 1A) . 87
Next, we attached the Raspberry Pi NoIR camera to the R-Pi board ( Figure 1B) and 88 placed the board into the Pi Zero Case ( Figure 1C ). This step requires extreme care, as there 89 are locking pins (see arrows in Figure 1D ) that secure the board and camera to the case, thus it 90 was necessary to bend the case to prevent damaging the R-Pi board. Once the case was 91 closed, the recording module was complete ( Figure 1D ). We next attached the recording 92 module to a monitor, mouse and keyboard with a USB hub, and then connected the module to a 93 power source to activate the unit. The OS automatically initializes as soon as power is 94 To record the mating behavior, we placed a male and a female into a cage on a camera 125 rack ( Figure 2 ). Camera stands can be easily purchased online or 3D printed, but we fashioned 126 a rack from metal shelving on which we attached two blocks cut from recycled styrofoam at 127 either end to hold the two recording modules per cage, in the middle of which we placed a cage 128 (Figure 2 ). We recorded from four pairs, each with their own pair of recording modules. We 129 recorded behaviors during the light period with one module and used a second module to record 130 behavior during the dark period while the room was illuminated with red lights and infrared LED 131 lights. We found that using two modules, each set to parameters optimized for each light 132 environment, was the most effective way for us to obtain high quality video across the entire 133 light-dark cycle, however a single camera can be programed to adjust parameters at different 134 times through the day. In our setup, the size of the files produced from using a single module 135 exceeded the capacity of the micro-SD card, and we found that adding as second module was7 139
Figure 2. Assembled camera rack with animal cage. 140 141
Next, we remotely logged into the modules using a Python 3 shell (selected from the 142 programming menu on the Raspbian desktop) and executed the camera script (Table S-1; all  143 coding scripts described in this article can also be accessed at 144 https://github.com/wdavidweber/Pi-Recording-Module). To send video files directly to a Google 145 Drive folder, we used an additional script because the software is not included in the Raspian 146 OS. Using the terminal console in Raspbian, we uploaded the "rclone" (Nick Craig-Wood © 147 2012) open-source software (Table S-2) , and regularly monitored the modules and Google 148 Drive folders. Free storage on Google Drive is limited to 15Gb, unless an unlimited account is 149 available to you, therefore, files may need to be downloaded and transferred prior to filling the 150 storage. To score the behaviors in BORIS, we converted the .h264 format files (the default(the code for this is the last line of script in Table S-1). We performed the file conversion using a 153
High-Performance Computing Cluster at the University of Maryland because our video files 154
were too large and numerous to be converted on the modules. In most situations, this can be 155 done on the module itself, or the conversion can be performed on any workstation. Whenloading "Docker" onto the module (Table S- For validation purposes, we used the video capture system we report here to record, and 212 subsequently quantify, mating behavior in the California mouse. Once we positioned the 213 cameras in place in our animal facility, we controlled the modules from our laboratory located in 214 another building. This design eliminated possible observer effects on the animals' behavior, 215 provided contextual information on the animals' environment, and allowed for off-hours 216 monitoring of the animal housing space. Furthermore, with the addition of infrared LED lights, 217
we were able to record mating behavior of this nocturnal species without interruption or 218 disturbance. 219
In the research setting, our video recording system can be applied to tasks beyond 220 animal behavior experiments. For example, this system could be used to remotely monitor 221 chemical reactions or other assays in which timing is uncertain, or if the modules are housed 222 within an incubator, to monitor bacterial or embryo culture. The flexible platform, scalability and 223 low cost of our "do it yourself" video recording system is a powerful lab tool to make research 224 more efficient and reliable to a larger population of scientists. 225 will ask you to select the one from the list that appears, in our case that was "12" for GDrive. configuration. The result of this is a URL that must be copied into a web browser that is logged 322 into a Google Drive account. After the authentication steps, Google yields a code that should be 323 copied and pasted into the next prompt. (13) This prompt asks if the account is a Team Drive, 324 for which we selected "n" for no. (14) In the final prompt, there should be a list of remotes where 325 the new remote should appear, it will ask if everything looks correct, we selected "y" for yes. 326 327 
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